The loading of cesium on CST decreased as the temperature was increased. At temperatures of 80 and 120'C, the amount of cesium loaded on the CST W* reduced by 72 and 83'Yo, respectively, as compared with the loading achieved at room temperature. The CST that was loaded with cesium at room temperature and then heated to higher temperatures leached cesium G back into the supemate simulant solution. The leaching rate was about as rapid as the original cesium uptake, and the final concentrations at each temperature "testedwere approximately the same as those for CST loaded at that temperature. ., Following storage at high temperatures, (50 to 120°C) in the SRS supernate simulant for 60 days, the CST did not reload any cesium after the temperature was reduced to 22 "C. Further work would be needed to determine the full range of storage time and temperature profiles that would impact the loading of cesium onto the CST. X-ray diffi-action patterns did not show any significant change in the crystal structure of the CST, so it is unlikely that chemical changes in the bulk CST prevented the cesium from reloading. Chemical analyses of the simulant solutions showed that silicon and smaller amo,unts of other metals were leaching into the simulant from the CST. Several of the metals increased and then decreased in concentration, which indicates that competing dissolution and precipitation reactions were probably occurring. The leaching and reprecipitation of silicon and other metals from the CST might physically block 'the"poresof the CST, thereby preventing cesium from reloading onto the CST. Based on the amount of aluminum that was lost from the supemate simulant in the nonradioactive leaching tests, silicon loses from the CST could be as high as 4.2 *0.5 wt %, if all of the slhcon that was leached from . ....
the CST precipitated as a sodium aluminosilicate compound. UOP has reported tliat the batch of CST used in these tests contains 1.9 wt % excess silicon trapped in the particles, so the hot supemate simulant is probably mostly' leaching this excess silicon from the CST.
INTRODUCTION b
The Savannah River Site (SRS) is evaluating technologies for removing cesium-137 (157CS) fi-om the supernate solutions stored in the high-level waste tanks at the site. Crystalline silicotitanate .
(CST) is currently being used at Oak Ridge National Laboratory (ORNL) to remove 137CS from liquid low-level waste, which has a composition similar to that of the SRS supernates.' Work conducted at ORNL last year showed that higher temperatures could cause leaching of previously loaded cesium from CST, but these tests could not establish whether the leaching was due to equilibrium shifts caused by temperature changes or by degradation of the CST.2 Because of the extremely high loading of' 37CSthat would be expected for large columns of CST used in treating the SRS supernate, any loss of flow or cooling to the columns could result in high temperatures within the column from radiolytic heating.
CST sorbent has been used to remove cesium from a wide range of solutions, including high-salt basic,l'3>4 high-salt acidic$5 and neutral groundwaters as well as process wastewaters.b These results illustrate the chemical stability and cesium affinity of CST, however, chemical stability tests have shown that CST partially converts to zeolite when stored at 95 "C in high-salt, high-pH solutions for 3 months, but is stable when stored at 60"C.3 This change could result in previously loaded cesium being released back into solution.
The ability of CST to retain previously loaded cesium while in contact with SRS tank supernates at various temperatures was determined by performing bench-scale simulant tests using CST samples that were loaded with stable cesium and radioactive cesium tracer. The results from these tests were compared with those from loading tests conducted at the same temperatures. X-ray diffraction and inductively-coupled plasma emission spectroscopy were used to probe for chemical changes in the CST. This work was targeted to a Technical Task Request7 from SRS, and the methods for performing the work were initially described in an ORNL Technical Task Plan.g 2. MATERIALS
CRYSTALLINE SILICOTIT~"ATE AND METHODS
The CST used in all of these tests was the commercial, granular form of the sorbent, IONSIV@ IE-911 (UOP LLC, Mt. Laurel, NJ). The as-received sorbent is slightly acidic, so dilute sodium hydroxide was used to stabilize its pH at 13 before use. The pretreatment pH matches the pH of wastewaters being treated at ORNL, but is less basic than the supernate simukmt (pH = 14) that was used in these tests. The CST was also backwashes with tap water to remove any fines generated during shipping. A sample of CST from UOP lot 999098810005, pretreated as described above, was used in each of the tests in this project. The CST sample was air dried after pretreatment, and then the moisture content of three subsarnples was determined by drying at 102"C until a stable weight was obtained. The pretreated, air-dried material had a moisture content of 6.915 wt YO (average of three samples), as compared with a moisture content of 6.924 wt '%0 for the as-received material from the same drum.9 2 2.2 SIMULANT SOLUTION t An average supemate simulan~with a total sodium concentration of 5.6 M, was preptied using a . ...' .. ... recipe from SRS 10(see Table 1 ). A small amount of undissolved solids wai 'present-in each batch of supemate simulant that was prepared, so the simulant was filtered prior to use. The cesium * concentration of the supernate simukmt used in these tests was 50 rng/L, which is higher &an that typically found in actual SRS supernate solutions. The cesium concentration andCST amounts for these batch tests were chosen so that the equilibrium cesium concentration was about 22 mg/L, which is a typical concentration in the actual SRS supernate. The cesium concentration on the CST in these tests wotild'be-"about'~e'same as would be expected for CST in a filly loaded column that was treating SRS supemate. The sim"ulaiitused 'for the loa~in~and Ieachin'g'tests was spiked with about 1 .uCi of '37CSper liter.
. Figure 1 shows one of the shakers, with the lid raised and one Teflon flask mounted in a holder. The temperature inside the shakers was also monitored using VWR Traceable Digital ,.
3 Thermometers (VWR Scientific Products, West Chester, PA) that were factory calibrated on February 22, 1999 using a NEST traceable standard.
The CST loading and leaching tests at 120"C were performed in an older model GCA Corporation Gravity Convection Oven. The oven had a simple on-off temperature controller, so the temperature typically varied within a range of *2 'C over the short term. However, it would drifi cwer longer time periods, so periodic adjustments were required. Each sample of CST was contained within a piece of 100-mesh stainless steel screen, which was placed in a screened basket on the end of a stainless steel rod. The rods extended through holes in the top of the oven to a Phibbs & Bird (Richmond, VA) Model 7790-400 six-place stirrer. The baskets, containing the CST, were rotated at about 120 rpm within the simulant. Figure 2 shows a sample of CST on a screen, which was then folded twice in each direction to trap the CST (see Fig. 3 ). Figure 4 shows the oven and stirrer, with the Teflon bottles in a containment pan, and one stirring rod raised to display the screened basket on the end of the rod.
Samples of nonradioactive supernate simukmt and CST were placed in capped Teflon bottles, and stored, without mixing, in Model 338F Isotemp ovens (Fisher Scientific Co., Pittsburgh, PA) at 80 and 120"C and in a Model 1350 GM oven (VWR Scientific Products) at 50 'C. These ovens had digital temperature controllers that maintained the temperature within *0.2°C. Batch loading tests were performed at temperatures of 30,40,50,80, and 120'C, using 0.1 g of CST and 100 mL of supernate simulant. Most of the tests were performed in Teflon flasks with screw-on lids, which were mixed in one of the shakers (described above) for 4 days. The tests at 120 'C were conducted in heavy-walled Teflon bottles inside the convection oven. A hole was drilled in the center of each lid for the stirring rod to pass through. Each rod had a basket on the end, which held the folded screen containing the CST. The rod fit snuggly"through the hole in the bottle lid, in order to minimize evaporation of the solution; however, the rod could rotate without turning the bottle. At each temperature, two containers with CST and supemate, plus one control sample with only supernate, were used.
The CST and simulant were contacted for 4 days, and then two samples of the supernate from each flask were filtered through 0.2-,u-m-pore size, nylon syringe filters. A 2.00-mL portion of each filtered sample was transferred into a polyethylene counting tube, centrifuged for about 30 s to ensure that no droplets were Iefl on the sides of the tubes, and then gamma counted for 1000 s. The samples were counted at an energy level of 664.7 keV, using a Canberra Industries, Inc.
(Meriden, CT) series 90 gamma spectrometer, with a shielded germanium detector, to determine the concentration of 137CS.Three samples of the starting supemate simulant and three background rates were counted for each series of samples. The net counts, the cesium concentration in each sample, the cesium loading on the CST, and the apparent distribution coefficient (IQ were calculated as follows '~~' "" '"-" The leaching tests were performed in a similar manner to the loading tests, except that the CST and supemate containers were confacted at room temperature for 4 days to load the CST with cesium. The containers were then heated to 50, 80, or 1200C and stored, while being mixed, for a total of 60 days. Samples of supernate were removed, filtered, counted, and then returned to their original container, after storage times of 1,2,4, 16,29, and 60 days. Following completion of the leaching tests, all of the containers were mixed at room temperature for 4 days and then sampled to determine how much of the cesium previously leached horn the CST had been reloaded. For both the loading and leaching tests, one of the samples from a container at each temperature was submitted to the Radioactive Materials Analytical Laborato~(RMAL) at ORNL for analysis by gamma spectroscopy.
Teflon bottles containing nonradioactive supernate simulant (50 mg/L Cs and no *37CS) and CST (16 g CST in 240 mL of simulant) were stored in ovens at 50,80, and 120°C~Samples of the supernate were analyzed for dissolved metals by inductively-coupled plasma emission spectroscopy (ICP), and samples of the CST were analyzed by x-ray diffraction to detect any changes in the CST crystal structure after storage times of 1, 7, 21, and 35 days. The x-ray diffraction analysis was performed by the Lockheed Martin Energy System's, Analytical Services Organization. The ICP analyses were performed by C. I-I.Mattus using a model 61E Trace ICP
6
. from Thermo Jarrell Ash, following standard EPA method SW846-60 10B. Standard reference samples from the National Institute of Standards and Technology (NIST) were analyzed along ?
with the samples to veri@ the accuracy of the results. The results obtained for the reference standards were within 5°/0of the certified concentrations for Al, Si, and Ti. * 3. RESULTS
LOADING TESTS
A room-temperature loading test was performed using both of the contacting methods (swirling CST and supernate in a flask, and rotating a screened basket of CST through the supernate) to determine the time required to reach equilibrium. Each contacting method resulted in a constant cesitim concentration within 4 days (see Fig. 5 ).
---Rotating --- The first two loading tests were performed with the Environ Shakers, at temperatures of 30.0 and 40.O"C on the built-in temperature controllers. The calibrated digital thermometer gave readings . of 28.8 and 40.8 'C, respectively, inside the shakers. The results for the Ioading tests at each of the temperatures are shown in Table 2 ; a listing of all the counting results and calculated values is presented in Appendix A. . 7 temperature controllers were set at 50.0 and 80.O"C, and the calibrated digital thermometer gave readings of 50.2 and 80.40 C, respectively. The final loading test was performed using the oven, and the temperature varied between 116 and 125"C during the 4 days of the test. Significant evaporation 10SSoccurred from the solution in the bottles. The amount of loss varied with the position of the bottles (increasing from left to right), which indicates that the temperature within the oven was not consistent. The thermometer probe was located in the center of the oven, so the temperature profile within the oven was not measured. After the first day of the test, a piece of aluminum foil was placed on the right side of the oven. This helped to reduce the evaporation rate of the control bottle, which was located on the right side of the oven.
On the first day of the test, when the temperature was 120 to 125"C, the no. 1 bottle (left side) lost 9 mL of solution, the no. 2 bottle (center) lost 42 mL, and the control bottle lost 53 mL. On the fourth day of the test, when the temperature ranged from 116 to 12I 'C, bottle no. 1 lost 7 mL, bottle no. 2 lost 5 mL, and the control bottle lost 3 mL. The evaporation loss was replaced with deionized water each day. A small amount of brown coating was observed on the stainless steel stirring rods and baskets after the first day; and the amount increased over time, indicating oxidative corrosion of the stainless steel by the hot supernate simulant. Brown deposits of iron hydroxide were visible on the bottom of each bottle by the fourth day of the test. The 137CS , 8 I 1000 1 concentration measured for the solution in the control bottle was slightly less than the * concentration in the starting solution samples, so the iron hydroxide deposits may have removed a small amount of cesium from the solution.
. In general, excellent agreement was found between the two samples taken from each container, which indicates that the filtering, pipetting, and gamma counting were very reproducible. However, the agreement between the results for the two containers at each temperature was not as good, particularly at storage temperatures of 50 and 80 "C, where the flasks that contained the most CST at each temperature had the higher cesium concentrations. The air-dried CST was difficult to handle because of static charges that caused the particles to jump around on the plastic containers; thus it is possible that some of the CST that was weighed did not get transferred into the Teflon flasks. It is also possible that there were variations within the small samples of CST (O.1 g) that were used for these tests.
A sample of the supernate simulant was analyzed at RMAL by ICP for dissolved metals and by ICP-mass spectrometry for cesium. The concentrations were: Na = >105,300 mg/L, Al = 8430 mg/L, K = 734 mg/L, Sf='94-rng/L, Mo ="19.8 mg/L and Cs = 50.2 mg/L. A sample of the starting solution and a sample from one of the bottles at each temperature were analyzed for 137CS at RMAL by gamma counting. The counting results, plus the calculated cesium concentrations and & results are shown in Table 3 . 'The'results from these analyses are similar to those"from the -e in-house gamma counting, except in the case of the sample from bottle 50-1 (which is inconsistent with both the in-house and the other RMAL results).
. . Four Teflon flasks that each contained about 0.1 g of CST plus 100 mL of supernate sirnulant and two flasks containing simulant only were mixed on the shakers at 22°C for 4 days to load the CST with cesium. Also, three Teflon bottles with 100 mL of simulant were positioned in the oven (turned of~, and the stirring baskets (two with CST and one without) were placed in the solutions and rotated at about 120 rpm. Ai?er 4 days of loading at room temperature, one sample from each of the containers was filtered and counted. The results of the room-temperature loading tests are shown in Table 4 . All of the containers with the CST showed very consistent resi.dts except for flask L-80-1, which had a higher cesium concentration than the other solutions.
After the room-temperature loading had been completed, the shakers and oven were turned onto heat the samples to the desired leaching temperatures. Two samples from each container were filtered, counted, and then returned to the container after various storage times. The results (average of two samples from each container) are shown in Table 5 ; a table presenting all of the counting data and calculated values is shown in Appendix B. Figure 7 shows a plot of the average cesium concentrations from both containers at each temperature, and also shows the results from the 4-day loading tests at each temperature for comparison. The loading results are displayed as short line segments so that they will be more visible; however, the data are actually single points at 4 days. The temperature inside the oven typically ranged from 115 to 121"C during the 60 days of the test, with short excursions as low as 112°C and as high as 127'C. The oven thermostat was adjusted several times during the test to keep the temperature within the desired range. The stainless steel stirring rods and baskets continued to corrode, and a thin layer of iron hydroxide was present in the bottom of each bottle at the end of the test. Deionized water was added to each of the bottles at least once a week, as well as just prior to taking each sample, in order to replace evaporation losses. The filtered samples were a light yellow color, probably from soluble chromium compounds that were leached from the stainless steel rods and baskets. The cesium concentration in the control bottle slowly decreased overtime, probably as the result of sorption by the iron hydroxide precipitates in the bottles. . .
The two shakers maintained very stringent temperature control, ranging from 49.9 to 50.1 "C and 79.9 to 80.1 "C on the built-in thermometers, and 47.9 to 49.2°C and 78.1 to 78.6°C on the calibrated digital thermometer. The volume of solution in each flask was measured and adjusted to 100 mL with deionized water before the 60-day samples were withdrawn. The volumes before t adjustment are shown in Table 6 . The evaporation losses from these flasks would cause a slight increase in the soluble cesium concentrations, which could explain the increases seen for the ' samples that were taken after 16 and 29 days. The volumes of the solutions were not measured at 16 and 29 days; thus the exact volume losses, and corresponding corrections for the cesium concentration are not known. . . 
Resultsof
Volume (mL) 99 95 98 97 98 94
After the leaching tests had been completed, the heaters in the oven and shakers were turned off and the samples were mixed at room temperature for 4 days. Two samples from each container were then filtered, pipetted, and counted as before. Analyses of these samples showed that the cesium in the simulant solutions did not reload onto the CST (see Table 7 and Fig. 7) . The cesium concentrations were actually a little higher than those for the 60-day leaching samples; however, the control sample concentrations were also higher, so the increase is probably analytical variation.
. ,. 
NOW1OACTIVE LEACHING TESTS
Samples of CST that were stored in SRS average supernate simulant at temperatures of 24,50, 80, and 120'C for up to 35 days were analyzed by X-ray diffraction to determine if any changes were detectable in the crystal structure of the CST. The analyses were performed by the 3 Lockheed Martin Energy Systems' Analytical Services Organization. The diffraction patterns did not change for any of these samples except the one stored for 35 days at 120"C, which showed a very slight decrease in the peak at a diffraction angle of 28.50. The diffraction patterns (see Appendix C) matched the library pattern for cesium sodium titanium oxide silicate hydrate .
Samples of the supernate simulant were collected from each container, at the same time the CST samples were removed; and analyzed for dissolved metals by ICP. Several metals showed increased concentrations as compared with the original supemate simulant. Table 8 shows the concentrations of the metals that changed significantly fi-omwhat was present in the original supemate simukmt. One of the metals analyzed involves proprietary information from UOP, therefore it is identified only as "Trade Secret Material 2" (TS #2). The concentrations in the starting supernate simulant were as follows: Al = 7855, Pb = <0.06 mg/L, Si = 42 mg/L, Ti = <0.03 mg/L, and TS #2 ='0.6 mg/L. (Note -TS #2 was not purposely added to the supemate simulant, so the concentration measured in the starting solution maybe a false positive.) Figures  8 and 9 show graphs of the silicon and titanium concentrations, respectively. Most of the metals that increased in concentration are known to be present in the CST, but the source of the lead is not known. The concentration of several of the metals increased initial]y and then decreased, which indicates that competing dissolution and precipitation reactions are probably occurring.
The simulant solution contains high concen~ations of aluminum, thus most of the silicon that leaches into solution is liiie~" to precipitate "assodium"alurninosilicate. The decrease in aluminum can be used as an indication of the amount of silicon that leached from the CST. Based on the aluminum losses for the21 -day samples, and assuming an A1:Si ratio of 1 in the precipitated material, the amounts of silicon that could have been leached from the CST and then precipitated are 0.04,0.32,0.40, and 0.68 g for the 24,50, 80, and 120"C samples, respectively. (Note: These numbers were corrected for the 0.01 g of silicon originally present in the 240 mL of supernate simulant.) For the original CST weight of 16 g, the calculated silicon losses amounted to 0.25, 2.0,2.5, and 4.2 wt YOloss of the CST for the 24, 50, 80, and 120°C samples, respectively. The expected error band for the measured Al concentrations of~5 0/0results in a range of 3.7 to 4.7 w 0/0for the maximum calculated CST weight loss of 4.2 wt O/O. We did not attempt to isolate or identi~any aluminosilicate compounds that may have formed, and they did not show up on the x-ray diffraction patterns. It is possible that part of the aluminum precipitated .
in some other form, so these results represent a maximum leaching of silicon from the CST. 14 * .
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UOP has reported that excess silicon is present in the CST, which is physically trapped in the particles but not chemically reacted to form the silicotitanate.* ] UOP reported that the excess silicon concentration for the lot 999098810005 CST used in these tests was 4.1 w-tVO as Si02 (1.9 vvt% Si), which is about half of the maximum calculated silicon loss from the CST. The hot supernate simukmt is probably leaching the excess silicon from the CST, but the remaining aluminum 10SSfrom the supernate could be caused by either silicon leached from the CST structure or by precipitation of other aluminum containing compounds.
DISCUSSION
Zheng, Gu and Anthony have developed an equilibrium mode112for predicting the distribution of cesium between CST and various salt solutions at temperatures up to 44 'C. The model was developed for CST powder, so the binder in the granular CST (IONSIV IE-9 11) that was used in these tests may affect the results. Table 9 shows a comparison between the average results obtained for the batch tests at each temperature and the results predicted by the model. Most of the tests were performed at temperatures above those where the model has been validated, so it is not surprising that model predictions increasingly diverge from the measured values as the temperature increases. Results of the leaching tests show that previously loaded cesium is removed from the CST in the high-salt, high-pH SRS supernate simulant as the temperature increases. The leaching is very rapid, occurring at about the same speed as the original cesium loading, most of which occurs within the first 24 h. The final distribution coefficient for cesium on the CST is also about the same, regardless of whether the CST is initially loaded at a given temperature, or it is loaded at a lower temperature and then temperature raised to the higher level.
After being stored at temperatures of 50 to 120°C in the SRS supernate simulant for 60 days, the CST does not reload any cesium after the temperature has been reduced. Further work would be needed to determine the full range of storage time and temperature profiles that would impact the loading of cesium. The leaching and reprecipitation of silicon and other metals from the CST might physically block the pores of the CST, preventing cesium from reloading onto the CST. The X-ray diftiaction patterns did not show any significant change in the crystal structure of the 16 . ?.
.
CST, so it is unlikely that chemical changes in the bulk CST prevented the cesium from reloading. Based on the amount of aluminum that was lost from the supernate simulant in the * nonradioactive leaching tests, silicon losses from the CST could be as high as 4.2 w-t0/0, if all of the silicon leached from the CST was precipitated as sodium aluminosilicate. ) L__JL_A,fh_ =aasl> Nom203(sio4)12H20 -S@um timnklmOxkbstlfwb Hydrate41#orw
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